Front. Chem. China 2008, 3(1): 23-26
DOI 10.1007/s11458-008-0015-2

RESEARCH ARTICLE

Liyan NA, Guiling NING, Fengjie ZHANG, Bing WANG

Synthesis, crystal structure and magnetic properties of
single-molecule magnet: [Mn4(CF3;C00),(hmp)g]

© Higher Education Press and Springer-Verlag 2008

Abstract The preparation, X-ray structure and magnetic
properties are presented for a new mixed-valence tetra-
nuclear manganese complex that functions as a single-
molecule magnet (SMM): [Mny(CF3COO)4(hmp)g], where
hmp~ is the anion of 2-(hydroxymethyl) pyridine and is a
N,O bidentate chelate. The compound crystallizes in a
monoclinic system, space group P,;/c (No. 14) with unit
cell parameters a = 13.663(3) A, b=14.705(3) A,
c=14.734(3) A, p=98.51(3)°, V'=2927.6 A* and Z=2.
The structure of the complex shows a novel coordination
of the trifluoroacetate (TFA) anions, with one anion acting
as a monodentate ligand while the second one coordinating
through both oxygens to the same Mn center. Direct
current magnetic susceptibility measurement in the 2-
300 K temperature range supports a high-spin ground
state. The presence of a frequency-dependent alternating
current susceptibility signal indicates that the individual
molecule is acting as magnet.

Keywords single-molecule magnet, manganese complex,
synthesis, crystal structure, magnetic property

1 Introduction

Single-molecule magnets (SMMs) are an important class of
compounds investigated in detail over the past decade for
their potential applications in high-density magnetic storage
media [1]. SMMs are formed of identical particles with well-
defined size and shape and they can function as nanoscale
magnets below a critical temperature. The phenomenon has
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been observed for polynuclear metal clusters that exhibit a
large overall ground state spin value and a large axial zero-
field splitting parameter. The combination of these factors
produces an energy barrier between “spin-up’’ and “‘spin-
down” states. In an external magnetic field their magnetic
moments can be oriented, and when the external field is
removed, the state is no longer possible by thermal
activation at low temperature, and therefore slow magnetic
relaxation is observed. Furthermore, quantum tunneling of
the magnetization observed in SMMs renders them ideal
candidates for the study of behavior at the quantum-
classical interface [2].

Until now, the most studied family of SMMs
are the dodecanuclear complexes of formula [Mn;,0,
(O,CR)14(H;0),]"” (=0, 1,2; x=3, 4) [3-5]. Man-
ganese clusters ranging in nuclearity from 2-84 [6-8] and
a number of oxide-bridged clusters containing V [9], Fe
[10], Co [11,12], and Ni [13] have also been shown to be
SMMs. We herein describe the synthesis, crystal structure
and magnetic properties of a new mixed-valence tetra-
nuclear manganese single-molecule magnet.

2 Experimental

2.1 Instruments and reagents

All chemicals and solvents were used as received.
The starting material [Mn,0,(CF;COO0)4(H,0)4]
2CF;COOH-4H,O was prepared according to the
procedure based on the literature [14].

IR measurements were made on the sample pressed
into KBr pellets in the 400-4 000 cm™' region using a
Nicolet 740 FT-IR spectrophotometer.

Magnetic susceptibility and magnetization susceptibility
measurements were carried out with a Quantum Design
SQUID magnetometer MPMSXL. DC magnetic measure-
ments were performed with an applied field of 0.1 T in the
2-300 K temperature range. AC magnetic susceptibility
measurements were performed in the 1.8-3.0 K range in a
zero DC field and a 3 x 107* T AC field oscillating at
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frequencies in the 1-997 Hz range. The data were corrected
for the diamagnetic contributions calculated from the
Pascal constants.

Single-crystal X-ray data was collected on a
BrukerSMART 1000 CCD X-ray diffractometer equipped
with graphite-monochromated Mo Ko radiation (4 =0.
071073 nm). The frames were integrated with the Bruker
SAINT Software package and the data corrected for
absorption using the program SADABS.

2.2 Synthesis of [Mn4(CF;COO)4(hmp)g]

A solution of [Ml’l]zO]z(CF3COO)16(H20)4]2CF3COOH
4H,0 (0.2 g) in THF (10 mL) was treated with hmpH
(0.5 mL). The homogeneous reaction solution formed a
light brown solution and a purple precipitate after being
stirred for two days. The precipitate was collected by
filtration, washed with a mixed solvent of THF-hexane
and dissolved in MeCN to produce a red-brown solu-
tion. The solution was then filtered, followed by the slow
diffusion of ethyl ether into the filtrate at room
temperature to produce red-brown crystals. The crystals
were collected by filtration, washed with ethyl ether
and dried under vacuum. The overall yield of this pro-
duct was ~19% based on the starting material
[Mn 1 20 1 2(CF3COO) 1 6(H20)4] 2CF3COOH4H20 IR (cm’ l):
WC=0), 1676(s), 1639(s), 1607(s).

3 Results and discussion
3.1 Crystal parameters and description of the structure

Crystal parameters and basic information pertaining to
data collection and refinement for the structure is
summarized in Table 1. Selected bond distances and
angles are listed in Table 2.

The molecular structure and the packing diagram of
the title complex are provided in Fig. 1 and Fig. 2. As
can be seen clearly, the molecular structure can be
described as two Mn3O triangular units fused along one
edge. Each Mn; triangular unit is ps-bridged by an
oxygen atom O(3) from hmp~ and the edges of each
triangular face consists of a p,-oxygen atom (O(1) and O
(2)) from hmp~. Nitrogen-oxygen containing chelates
such as 2-(hydroxymethyl) pyridine (hmpH) are known
to have a variety of possible binding modes, including
bridging two, three, or four metals. It has been used for
the synthesis of a number of Mn clusters, which have
turned out to be SMMs [15,16]. Two TFA anions
coordinate to Mn(2), one symmetrically bidentate and
one monodentate. To the best of our knowledge, this is
the first description of a tetranuclear complex having
TFA anions mono- as well as dicoordinated to a
manganese center.
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Table 1 Crystallographic data and structural refinement para-
meters
formula C52H52F12MH4N6016 1 464.76

formula weight

crystal system monoclinic P2,/c (No. 14)
space group

alA 13.663(3) 14.705(3)
bIA

clA 14.734(3) 90
al(°)

pIC°) 98.51(3) 90

0 ()

VIA® 2 927.6(10) 2
z

D/(g/cm?) 1.662 1484
F(000)

crystal size/mm? 0.19 x 0.24 x 0.28 110
temperature /K

0 range/(°) 1.5, 27.5 (—=17/17, —18/19,

—19/19)
0.0689, 0.1831

index range (h,k.l)
26 150, 6 637, 0.050
R, wR,

1.054

Tot., Uniq.Data,
R(int)
goodness-of-fit

Table 2 Selected bond distances (A) and angles (deg) for the title
complex

Mnl Ol 1.874(3) Mn2 02 2.2003)
Mnl 03 1.991(3) Mn2 Ol 2.227(3)
Mnl N2 2.064(3) Mn2 N3 2.285(3)
Mnl NI 2.200(4) Mn2 05 2.334(3)
Mnl 03 2.223(3) Mn2 O3 2.357(3)
Mn2 O4 2.375(3)
02 Mnl Ol 176.05(13) 06 Mn2 N3 86.66(13)
02 Mnl 03 83.26(12) 02 Mn2 N3 133.90(11)
01 Mnl O3 99.02(12) O1 Mn2 N3 94.03(11)
02 Mnl N2 81.05(13) 06 Mn2 05 91.54(15)
01 Mnl N2 96.43(13) 02 Mn2 05 141.53(11)
03 Mnl N2 163.82(12) Ol Mn2 05 84.03(12)
02 Mnl N1 103.19(14) N3 Mn2 05 84.57(12)
O1 Mnl NI 79.97(13) 06 Mn2 O3 112.66(13)
03 Mnl N1 93.10(13) 02 Mn2 03 68.43(10)
N2 Mnl N1 94.33(14) Ol Mn2 O3 71.77(10)
02 Mnl O3 95.64(12) N3 Mn2 03 70.31(11)
Ol Mnl O3 81.58(12) 05 Mn2 O3 143.17(12)
03 Mnl O3 81.40(12) 06 Mn2 O4 88.82(13)
N2 Mnl 03 96.16(12) 02 Mn2 O4 85.31(11)
NI Mnl 03 159.66(12) Ol Mn2 O4 87.78(11)
06 Mn2 02 90.81(13) N3 Mn2 04 140.54(12)
06 Mn2 Ol 175.43 05 Mn2 O4 56.37(11)
02 Mn2 Ol 91.96(11) 03 Mn2 O4 145.48(11)

Most known SMMs contain Mn(II1). This is due to the
combination of a large number of unpaired electrons on
each high spin, near-octahedral Mn(III) ion and the
Jahn-Teller (JT) distortion that accompanies it, usually in
the form of an axial elongation. The Mn centers were
assigned formal charges of +3 and +2 on the basis of
structural parameters. Mn(1) shows clear evidence of
Jahn-Teller distortions, as expected for high-spin Mn™ in
near-octahedral geometry, taking the form of axial
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Fig. 1 View of the molecular structure of the title complex

Fig. 2 Packing diagram of the title complex

elongation along the N(1)-Mn(1)-O(3). N(1)-Mn(1)
(2.200 A) and Mn(1)-O(3) (2.223 A) are longer than
the other four lengths (average 1.949 A). The geometry at
Mn(2) is a distorted pentagonal bipyramidal form, with
O(1)-Mn(2)-0O(6) being the axis. This type of seven-fold
coordination is very unusual for manganese single-
molecule magnet [17,18]. Mn(2) in the +2 oxidation level
is supported by longer Mn-ligand bond lengths (average
2277 A) compared with those to Mn(l) (average
2.037 A). Bond valence sum calculations (BVS) [19] were
performed, and the obtained values of 2.94 for Mn(1)
and 1.84 for Mn(2) confirm the Mn™ and Mn" oxidation
states, respectively.

3.2 Magnetic properties

DC magnetic susceptibility measurements were per-
formed on crushed single crystals of the title complex in
the temperature range from 2 to 300 K. As shown in
Fig. 3, the y,T value at room temperature gradually
increased as the temperature was decreased and reached a
maximum value at 5.7 K, followed by a sudden decrease
down to 1.8 K. This behavior indicates that the magnetic
exchange interactions are ferromagnetic and the complex
has a high-spin ground state S =9 [17,20].
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Fig. 3 Plot of y,7 vs temperature for the title complex
measured in a 1000 G dc magnetic field

In an AC susceptibility experiment, a weak field
(typically 1-5 G) oscillating at a particular frequency is
applied to a sample to probe the dynamics of the
magnetization relaxation. If the magnetization vector can
relax fast enough to keep up with the oscillating field,
then there is no out-of-phase susceptibility signal (y,,").
However, if the barrier to magnetization relaxation is
significantly close to thermal energy, an out-of-phase AC
susceptibility signal (y,,") is observed. In addition, the y,,"
signal will be frequency-dependent. Frequency-depend-
ent y,,"” signals are an important indicator of SMMs. The
obtained results for four frequencies are shown in Fig. 4.
At temperatures below 3 K, a nonzero y,"” signal is
observed, and this is frequency-dependent. Clearly,
the peak maximum of these signals lie at
temperatures < 1.8 K, the operating minimum of our
instrument, and can not be observed. But the data
suggests that the complex does indeed display the slow
magnetization relaxation dynamics of a SMM.

4 Conclusion

A tetranuclear complex has been obtained from the
reaction of [MH12012(CF3COO)16(H20)4]2CF3COOH
4H,0 with hmpH in THF. X-ray studies revealed that
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Fig. 4 Plot of the out-of-phase ac magnetic susceptibility

signals vs temperature for the title complex

the trifluoroacetate ligands are coordinated to the Mn(2)
center in a different mode: one is chelating and the other
is monodentate. A frequency dependence of the out-of-

Acknowledgements

phase AC magnetic susceptibility signal indicates that the
complex is an SMM.

The authors are grateful to the National Natural

Science Foundation of China (Grant No. 20376009) for financial
support of this work.

References

. Gatteschi D, Sessoli R. Quantum tunneling of magnetization

and related phenomena in molecular materials. Angew Chem,
Int Ed, 2003, 42(3): 268-297

Thomas L, Lionti F, Ballou R, Gatteschi D, Sessoli R,
Barbara B. Macroscopic quantum tunnelling of magnetiza-
tion in a single crystal of nanomagnets. Nature, 1996, 383:
145-147

Sessoli R, Tsai H L, Schake A R, Wang S, Vincent J B,
Folting K, Gatteschi D, Christou G, Hendrickson D N. High-
spin molecules: [Mn;,0,2(0,CR);5(H,0)4]. J Am Chem Soc,
1993, 115(5): 18041816

Eppley H J, Tsai H L, de Vries N, Folting K, Christou G,
Hendrickson D N. High-spin molecules: unusual magnetic
susceptibility relaxation effects in [Mn;,0;,(O,CEt);,(H,0);]
(S=9) and the one-electron reduction product (PPhy)
[Mn12012(02CEt)](,(H20)4] (S = 19/2) J Am Chem SOC,
1995, 117(1): 301-317

Boskovic C, Pink M, Huffman J C, Hendrickson D N,
Christou G. Single-molecule magnets: ligand-induced core
distortion and multiple Jahn-Teller isomerism in
[Ml’l12012(02CMC)8(OzPth)g(H2o)4]. J Am Chem SOC,
2001, 123(40): 9914-9915

Murugesu M, Wernsdorfer W, Raftery J, Christou G, Brechin
E K. Synthesis, structure, and magnetic properties of a [Mn,]
wheel-like single-molecule magnet. Inorg Chem, 2004, 43(14):
4203-4209

13.

18.

20.

Liyan NA, et al.

Piligkos S, Rajaraman G., Soler M, Kirchner N, Slageren J
van, Bircher R, Parsons S, Gudel H U, Kortus J, Wernsdorfer
W, Christou G, Brechin E K.Studies of an enneanuclear
manganese single-molecule magnet. J Am Chem Soc, 2005,
127(15): 5572-5580

Brechin E K, Sanudo E C, Wernsdorfer W, Boskovic C, Yoo J,
Hendrickson D N, Yamaguchi A, Ishimoto H, Concolino T E,
Rheingold A L, Christou G. Single-molecule magnets: structure
and properties of [Mn;gO;4(O>CMe)g(hep)s(hepH)>(H,0),]
(ClOy), with Spin S = 13. Inorg Chem, 2005, 44(3): 502-511

. Castro S L, Sun Z, Grant C M, Bollinger J C, Hendrickson D

N, Christou G. Single-molecule magnets: tetranuclear vana-
dium(III) complexes with a butterfly structure and an S=3
ground state. J Am Chem Soc, 1998, 120(10): 2365-2375

. Goodwin J C, Sessoli R, Gatteschi D, Wernsdorfer W, Powell

A K, Heath S L, Barra A L. Towards nanostructured arrays
of single molecule magnets: new Fe 9 oxyhydroxide clusters
displaying high ground state spins and hysteresis. J Chem
Soc, Dalton Trans, 2000, (12): 1835-1840

. Yang E C, Hendrickson D N, Wernsdorfer W, Nakano M,

Zakharov L N, Sommer R D, Rheingold A L, Ledezma-
Gairaud M, Christou G. Cobalt single-molecule magnet.
J Appl Phys, 2002, 91(10): 7382-7384

. Song Y, Zhang P, Ren X M, Shen X F, Li' Y Z, You X Z.

Octacyanometallate-based single-molecule magnets: Co"gMYg
(M =W, Mo). J] Am Chem Soc, 2005, 127(11): 3708-3709
Ochsenbein ST, Murrie M, Rusanov E, Stoeckli-Evans H, Sekine
C, Gudel H U. Synthesis, structure, and magnetic properties
of the single-molecule magnet [Niy;(cit);2(OH);o(H,0)0]'¢".
Inorg Chem, 2002, 41(20): 5133-5140

Zhao H H, Berlinguette C P, Bacsa J, Prosvirin A V, Bera J
K, Tichy S E, Schelter E J, Dunbar K R. Structural
characterization, magnetic properties, and electrospray mass
spectrometry of two Jahn-Teller isomers of the single-
molecule magnet [Mn,0,,(CF;C0O0)4(H,0)4]. Inorg.
Chem., 2004, 43(4): 1359-1369

. Harden N C, Bolcar M A, Wernsdorfer W, Abboud K A,

Streib W E, Christou G. Heptanuclear and decanuclear
manganese complexes with the anion of 2-hydroxymethyl-
pyridine. Inorg Chem, 2003, 42(22): 7067-7076

. Yoo J, Wernsdorfer W, Yang E C, Nakano M, Rheingold A

L, Hendrickson D N. One-dimensional chain of tetranuclear
manganese single—molecule magnets. Inorg Chem, 2005,
44(10): 3377 -3379

. Yang E C, Harden N, Wernsdorfer W, Zakharov L, Brechin

E K, Rheingold A L, Christou G, Hendrickson D N. Mny
single-molecule magnets with a planar diamond core and
S'=9. Polyhedron, 2003, 22(14-17): 1857-1863

Yoo J, Brechin E K, Yamaguchi A,Nakano M, Huffman J C,
Maniero A L, Brunel L C, Awaga K, Ishimoto H, Christou
G, Hendrickson D N. Single-molecule magnets: a new class
of tetranuclear manganese magnets. Inorg Chem, 2000,
39(16): 3615-3623

. Brown I D, Altermate D. Bond-valence parameters obtained

from a systematic analysis of the inorganic crystal structure
database. Acta Cryst., 1985, B41(4): 244-247

Yoo J, Yamaguchi A, Nakano M,Krzystek J, Streib W E,
Brunel L C, Ishimoto H, Christou G, Hendrickson D N.
Mixed-valence tetranuclear manganese single-molecule mag-
nets. Inorg Chem, 2001, 40(18): 4604-4616




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


